The process of digital imaging in microscopy is a series of operations, each contributing to the quality of the final image that is displayed on the computer monitor. The operations include sample preparation and staining by histology, optical image formation by the microscope, digital image sampling by the camera sensor, postprocessing and compression, transmission across the network and display on the monitor. There is an extensive literature about digital imaging and each step of the process is fairly well understood. However, the complete process is very hard to standardize or even to understand fully. The important concepts for pathology imaging standards are: (1) systems should be able to share image files, (2) the standards should allow the transmission of information on baseline colours and recommended display parameters, (3) the images should be useful to the pathologist, not necessarily better or worse than direct examination of a slide under the microscope, (4) a mechanism to evaluate image quality objectively should be present, (5) a mechanism to adjust and correct the minor errors of tissue processing should be developed, (6) a public organization should support pathologists in the development of standards.
Introduction
The specialty of pathology, i.e. the analysis of blood and tissue for the presence and nature of disease, is common in the care of patients who seek medical attention. In a typical medical centre, 70% of the clinical data in the electronic medical record are from pathology, and 70% of requests for data from the electronic medical record are for pathology data. Significantly, clinical decision support programmes are highly dependent on pathology data. Much of the analysis performed in the pathology laboratory is visual, so pathology imaging has become an important and growing area. However, pathology imaging presents a number of challenges, including the fact that image quality is a function of many processes (many outside the traditional realm of imaging). For example, image quality is a function of the processing of tissue, the cutting and staining of the slide, and the ability of the microscope to form a clear, well-focused image worthy of capture. Another problem is the image file size -if we sample 1 cm 2 of tissue at 0.33 mm/pixel, the resulting file will be 2.7 GByte in size. This is very large, considering that many specimens examined by pathologists require microscopic slides with 2-4 cm 2 of specimen per slide. Finally, pathology specimens require different levels of analysis depending on the clinical question being asked. For example, some cases require relatively low resolutions, while others use resolutions significantly higher than 0.33 mm with special tissue processing or illumination. This makes it difficult, if not impossible, to define a single minimum level of image quality for use across all clinical questions. Such problems have limited the use of pathology imaging and telepathology. Furthermore, the diversity of pathology microscopy has made it difficult for organizations to agree on the standards for pathology imaging. understanding of the wide scope of image quality or resolution in pathology. One of the best ways of describing this range of requirements is to examine the way a typical surgical pathologist uses a microscope. In examining some cases, the pathologist will not use the microscope at all, making a diagnosis instead on the gross visual examination. In other cases, the pathologist will use a 4 Â objective lens (with an optical resolution of about 5 mm), while in yet other cases a 20 Â lens (optical resolution of about 1 mm) or 40 Â lens (optical resolution of about 0.5 mm) is used. In some cases, the pathologist will use very powerful oil immersion lenses or even electron microscopy. The choice of optics is up to the pathologist and his or her judgement about what is required for the case at hand. The same argument can be applied to other factors that affect image quality, such as image contrast, tissue staining and tissue processing. Thus, imaging guidelines in telepathology need to allow the pathologist to determine whether the specimen or image being worked with is of sufficient quality to render a diagnosis.
Microscopy imaging
The difficulty of image standardization in telepathology derives from the large number of factors that can influence image quality. The following system components are required for a general pathology imaging station:
( Pathology imaging systems can be constructed in many different ways because there are so many choices for each component. Furthermore, the same system constructed from the same components can produce different levels of image quality because of the user's skill and knowledge. The differences in image quality between systems are shown in Figure 1 (in which colour originals are reproduced in black and white).
Telepathology
Telepathology is a useful tool for pathology remote diagnosis, education and second opinion. Telepathology has been especially useful in the support of isolated pathologists and non-specialty pathologists. However, telepathology, in general, has seen limited use and has not become a standard tool for pathology practice in the same way that teleradiology has entered routine radiology practice. There are several reasons:
(1) Telepathology is a time-consuming and often expensive process. (2) The limited fields of view with telepathology, unlike a glass slide directly viewed on a microscope, often make pathologists uncomfortable. (3) There is no clear method of measuring the image quality and accuracy of important variables such as colour.
Telepathology is a major application of pathology imaging, and the same challenges that have affected pathology imaging have also affected telepathology. As in general pathology imaging, a major reason for the difficulty in creating a telepathology technical standard is that the scope and requirements for telepathology systems are diverse and complex.
In general, the uses of telepathology are: primary diagnosis, second opinion, education and quality assurance. Each may require a unique telepathology system design. There are a number of general types of telepathology systems. is the newest development, in which the entire slide is digitized rather than having to capture individual or sequential images for viewing. Depending on the requirements, different types of telepathology systems -with different levels of image quality -can be used. Even within the same type of system, different components can be used depending on the requirements (for example, different types of objective lens or different cameras). Furthermore, as in the more general field of pathology imaging, a variety of human factors, such as the ability to cut and stain a good tissue section, set up the microscope and optimize contrast and focus, and tissue area selection are very important for the effectiveness of the system. It makes telepathology systems even more complex to evaluate and standardize.
Automated WSI is a new technique that has brought with it the possibility of beginning standardization in pathology. Since in WSI the entire slide is digitized, there is no problem resulting from subsampling. Also, the imaging process is automated, which eliminates both the need to force specific parameters and the human factors in image capture. However, since the technology is still developing, it will take another few years to become a clinically available and useful system. In future, if WSI replaces current microscope and camera systems, telepathology-imaging standardization will become much easier. Figure 2 shows an image generated by the WSI system.
Tissue preparation
As mentioned above, the quality of a pathology image is a function of a number of factors, many of which are outside the traditional realm of 'imaging'. A very important factor is the way that the tissue was prepared (processed, cut, stained) prior to imaging with the microscope and camera. Poor or inappropriate processing of tissue can result in poor diagnostic quality regardless of microscope and camera, software and technique. Since telepathology represents a secondary imaging of the original specimen, any degradation in image quality in the original can be exacerbated in the telepathology representation. Examples of these parameters include tissue processing -was it appropriately fixed with formalin or was it fresh or frozen, and was the specimen embedded in paraffin, frozen OCT or in plastic (and what was the quality of the fixation and embedding process)? The thickness of the section on the slide is also a factor of interest, thinner sections tending to produce better images, but different types of tissue (and different types of embedding) allow for different section thickness. Finally, staining is a very important process. General stains such as haematoxylin and eosin, or PAP, are normally used for visualizing basic cellular areas such as nuclei or cytoplasm, while special stains such as Oil Red O or immunoperoxidase are used to identify the presence of specific molecules. Under-or over-staining can hide important structures in the final image. It can also result in colour variation based not on tissue differences but on cutting, processing or staining differences. Colour differences of the same stain by institution or technicians often occur, as indicated in Figure 3 . Usually pathologists are familiar with the colour of stains at their own institution.
The colour of blood cells in one slide is not always the same as in another slide. This can sometimes confuse a pathologist, even in conventional consultation by mail, so the problem can be even worse with telepathology. Although the possibility of misdiagnosis by the colour difference is very low, it has to be solved. While it is difficult to standardize the colour of stains in glass slides, it is possible to analyse colour differences between institutions and between personnel as a first step towards standardization. It is likely that variations in tissue and tissue processing contribute as much to image variation as do changes in the imaging process itself.
Tissue processing is very important in the growing field of decision support-based image analysis in pathology. These decision support systems analyse both morphology and colour information in a digital pathology image. To use such technology effectively, one must consider the variation due to tissue processing. In particular, to use the colour data for a decision support system, it is necessary to have an accurate system and to have an absolute value or standard, against which each colour of the histology sample can be compared. Thus, pathology imaging standardization is critical for pathology imaging and telepathology. The goal of the entire process is to provide standardized image quality and standardized image colour to the pathologist both locally and at the remote sites. The standards should be applied to singleframe static image telepathology as well as the various dynamic and WSI systems. Standardization using 
Limitations of current telepathology/ imaging systems
Every type of imaging system has its own limitations. Static image telepathology depends on the ability of the referring pathologist or staff both to form an appropriate image with the microscope and to capture a clear image with the camera. Equally important, static systems rely on the operator to capture the appropriate area of the slide in question. Using a 20 Â objective lens and a standard (8.8 Â 6.6 mm 2 ) CCD camera sensor, a single field of view is about 0.44 Â 0.33 mm 2 or 0.145 mm 2 . As a typical coverslip has an area of about 12.5 cm 2 , a static system samples only a very small proportion of the total area of a tissue section. It is up to the referring pathologist to select appropriate areas of interest and capture images at the right magnification. When the pathologist has some specific questions for a consultant or just wants to confirm the diagnosis using the telepathology system, static image telepathology works very well. However, when the referring pathologist does not have confidence in his/her own diagnosis or needs a primary diagnosis to be made, static image telepathology can be risky because the consultant pathologist can make the diagnosis only on the transmitted images which have been chosen by the referring clinician. Furthermore, the image quality of static images depends on the person who captured them. It is important to understand that a 'high-resolution' image does not necessarily equate to a good-quality image, especially if the optical image from the microscope is out of focus or otherwise imperfect. Most images captured by people who are not experienced in telepathology or digital imaging show problems such as focus and colour fidelity that are related to the use of the microscope. Dynamic image telepathology is limited by many of the factors listed for static telepathology, as well as the fact that the image quality at the receiving site may depend on the bandwidth of the network connection (and the amount of compression required). In practice, most systems use H.323 or H.320 for dynamic images, which represents modest image resolution in comparison with static systems. For this reason, both static imaging and dynamic imaging are often combined in a single system. Another factor in both static and dynamic telepathology is that current systems are significantly slower than the manual use of a glass slide on a microscope. No matter what kind of system is used, it takes longer for the pathologist to make a diagnosis using telepathology images.
Methods for standardization in pathology
When we think about medical image standards, they commonly include required image resolution, number of colours, monitor resolution, compression ratio and format. As mentioned above, pathology imaging has a wide range of requirements and significant other nonimaging factors that make a single standard difficult to define. Defining a required pixel resolution is meaningless if the optical focus or staining quality is not defined, and even if these parameters could be defined, the image type and quality required for some aspects of pathology are radically different from those for others. One could decide on a file format for file transfer, but this would not address some of the more basic issues in pathology imaging. The important concepts to consider for pathology imaging standards are:
Systems should be able to share image files. The standards should allow the transmission of information on baseline colours and recommended display parameters.
The images should be useful to the pathologist, not necessarily better or worse than direct examination of a slide under the microscope.
A mechanism to evaluate image quality objectively should be present.
A mechanism to adjust and correct minor errors of tissue processing should be developed.
A public organization should support pathologists in the development of standards.
There are two main areas in which work can begin. One is the more formal training of pathologists in imaging and image-related activities. This may take the form of a Web-based formal training process in diagnostic imaging (e.g. continuing education courses). The second area, more directly applicable to this paper, is the development of technical mechanisms to remove the human factor from the image capture process. The goals are to correct (or at least identify) differences between systems and materials, to develop technical protocols to evaluate and/or grade image quality objectively and, finally, to deploy colour standardization technology.
Human factors
Automated, WSI robots and/or imaging microscopes may be helpful.
1,2 However, these systems are not yet in production and are limited to groups who can afford them. Also, it takes time and training for pathologists to interpret WSI properly. However, it is clear that such systems will become more common in future. Imaging microscopes (robotic microscopes with built-in cameras and robotic stages) can potentially remove human factor problems such as variations in focus, filter and brightness of the microscope by the user. By relegating these variables to the control of software, such systems will improve image quality standardization. Automated WSI robots capture the entire glass slide (ideally within an acceptable time for remote diagnosis for frozen sections) without human intervention. With the addition of automated slide loaders and barcodes, these systems automate the entire image process and are fitted with control slides to monitor resolution and colour parameters. Systems to support these quality assurance functions are being evaluated in Pittsburgh, Arizona and other centres. This should represent a major improvement in telepathology imaging and should permit the development of quality control and image quality standardization techniques.
Image quality evaluation
Currently, the methods to evaluate image quality are very subjective. This subjectivity does not necessarily affect diagnosis by telepathology and/or the imaging system. However, telepathology systems are becoming more widely available, making it necessary to develop more objective image quality assessment methods. Each system gives a different visual impression of the images and different models of the same system give different impressions and image quality. We do not know what level of quality of image is really required for clinical purposes, education or research, making the problem of standardization quite difficult. At the University of Pittsburgh Medical Center, we are developing methods of evaluating image quality objectively. Figure 4 shows the prototype application.
Colour standardization
Using spectral analysis and proper calibration, colour reproduction and stain standardization by digital imaging is possible. The methodology for this has been developed by several groups, especially those in Japan. To use this technique, every system has to be calibrated by a special calibration slide. If calibration slides and calibration software could be provided by one or more organizations or special interest groups (e.g. telepathology societies), it would help all pathologists in the world who are using telepathology. Research using multi-spectral imaging, not only for colour standardization but also for automated area detection and decision support systems, is underway.
3 Figure 5 shows examples of colour standardization of slides stained with haematoxylin and eosin.
Discussion
Pathology imaging actually begins at the time a specimen is processed, cut and stained and the quality of the resulting images depends on the specimen, the microscope (that forms the image) and the camera (that samples this image). Furthermore, the quality of the image required depends markedly on the clinical question being asked. Before clear standards for image quality are established, it is necessary to provide basic mechanisms for quality measurement and assurance in the general pathology environment. The combination of automated image capture and integrated quality assurance methods such as colour standardization and reproduction are starting points in the establishment of standards in telepathology imaging. Web-based training systems, calibration slides and software can assist in bringing image quality to acceptable levels. When used successfully, telepathology-based imaging systems can provide more information than the microscope alone could give to pathologists. Once images are standardized within pathology, a mechanism to share image files from different modalities will provide a valuable tool in medicine.
